There are four groups of RNA bacteriophages with distinct antigenic and physicochemical properties due to differences in surface residues of the viral coat proteins. Coat proteins also play a role as translational repressor during the viral life cycle, binding an RNA hairpin within the genome. In this study, the first crystal structure of the coat protein from a Group I1 phage GA is reported and compared to the Group I MS2 coat protein. The structure of the GA dimer was determined at 2.8 8, resolution (R-factor = 0.20). The overall folding pattern of the coat protein is similar to the Group I MS2 coat protein in the intact virus (Golmohammadi R, Valegird K, Fridborg K, Liljas L, 1993, J Mol Biol234:620-639) or as an unassembled dimer (Ni CZ, Syed R, Kodandapani R, Wickersham J, Peabody DS, Ely KR, 1995, Srructure 3:255-263). The structures differ in the FG loops and in the first turn of the a A helix. GA and MS2 coat proteins differ in sequence at 49 of 129 amino acid residues. Sequence differences that contribute to distinct immunological and physical properties of the proteins are found at the surface of the intact virus in the AB and FG loops. There are six differences in potential RNA contact residues within the RNA-binding site located in an antiparallel @sheet across the dimer interface. Three differences involve residues in the center of this concave site: Lys/Arg 83, Ser/Asn 87, and Asp/Glu 89. Residue 87 was shown by molecular genetics to define RNA-binding specificity by GA or MS2 coat protein (Lim F, Spingola M, Peabody DS, 1994, J BioZ Chem 269:9006-9010). This sequence difference reflects recognition of the nucleotide at position -5 in the unpaired loop of the translational operators bound by these coat proteins. In GA, the nucleotide at this position is a purine whereas in MS2, it is a pyrimidine.
Coat proteins from Group I and I1 phages are small molecules of 129 amino acid residues that play a dual role in the viral life cycle. Besides participating in protein-protein interactions in the capsid, coat protein also plays a genetic regulatory role as a translational repressor. In this functional capacity, coat protein binds to an RNA hairpin that contains the translation initiation codon of the replicase gene (Bemardi & Spahr, 1972) . Secondary structural features of the RNA stem-loop that are important for repressor recognition have been described for the Group I (Beckett & Uhlenbeck, 1988) and Group I1 phages (Gott et al., 1991) . The active repressor is a dimer that binds one RNA hairpin and this protein-RNA interaction is thought to participate in encapsidation of the viral genome. Dimers are also the building blocks in the icosahedral viral capsid (Valegird et al., 1990) .
The crystal structures of two intact Group I viruses (MS2: Valeg5rd et al., 1990; Golmohammadi et al., 1993; fr: Liljas et al., 1994) and one Group 111 virus (QP: Golmohammadi et al., 1996) have been determined, and we described the structure of the MS2 unassembled coat protein dimer previously (Ni et al., 1995) . How-2485 ever, no crystal structure has yet been reported for a Group I1 bacteriophage. Here we report the structure of a dimer of the viral coat protein of the Group I1 phage GA. Coat proteins from Group I and I1 phages differ significantly. Yet the overall sequence homology of MS2 and GA coat proteins is strong and 62% of the residues are identical. This fact suggests that the overall three-dimensional structure of the molecules is closely similar. Coat proteins from both of these phages act as translational repressors, yet the RNAbinding properties of the two repressors are distinct. They bind to RNA hairpins that differ in sequence at two sites in the stem and at two critical sites in the loop.
We crystallized the GA coat protein as an unassembled dimer to begin to understand the molecular differences that contribute to the distinct RNA-binding properties of the MS2 and GA molecules. We had reported previously the crystal structure of the unassembled MS2 dimer (Ni et al., 1995) and compared this structure to the coat protein in the viral capsid (Golmohammadi et al., 1993) . In this report, we directly compare the structures of the GA and MS2 unassembled dimers. Sequence differences between these coat proteins that may affect tertiary folding or capsid formation are also highlighted. Critical sites for virus assembly identified from our comparison of the MS2 dimer with the MS2 capsid (Ni et al., 1995) are located on the GA model.
Finally, the crystal structure of the GA dimer is used to locate sites that confer different RNA-binding specificities to these repressors . The RNA contact residues in GA are compared to corresponding residues in the MS2 virus-operator complex and to these same residues in the unliganded MS2 dimer (Ni et al., 1995) . Direct comparisons of the RNA-binding sites of the GA and MS2 repressors in the unassembled dimers represent molecular conformations that are not influenced by capsid interactions.
Results and discussion
In our previous studies, we crystallized the MS2 coat protein in the dimer form rather than as capsids (Ni et al., 1995) . This was made possible by the existence of mutants defective for the assembly of capsids (Peabody & Ely, 1992) . We intended to use this same strategy to obtain crystals of the GA dimer but soon discovered that our GA clone produced protein that was stable as dimers when purified as described in the Materials and methods.
The amino acid sequence of this GA coat protein clone differs from the published wild-type sequence of GA (Inokuchi et al., 1986 ) at four sites: Arg 5 + His, Ala 59 + Thr, Gly 79 + Val, and Ala 109 4 Thr. These mutations may have arisen during the propagation of the virus (the replication of RNA phages is notoriously error-prone) or could have been introduced during reversetranscription and PCR, which were used to obtain our GA coat protein clone. Errors in the published wild-type sequence could also account for these differences. The cloned GA protein reported here is competent for RNA encapsidation and translational repression ), yet crystallized as dimers. It is possible that one or more of these differences favors the dimer form or weakens the stability of the capsids in the absence of RNA. These differences and their potential effects on the oligomeric state of the GA subunit are discussed in the following sections.
Quality of the model after rejinement
The probe model for the molecular replacement solution was the atomic model of the MS2 coat protein (Ni et a]., 1995) . After the molecule had been placed by rotation and translation searches, 47 of 129 amino acid side chains were substituted, reflecting the sequence differences between GA and MS2. Then the atomic model was refined using X-PLOR (Briinger, 1992) with phase extension to 2.8-A resolution. Least-squares refinement using PROLSQ in GPRLSA (Hendrickson, 1985; Furey, 1990) was executed with 1,830 protein atoms and the final R-factor was 0.20 for 6-2.8-A data. Refinement statistics are presented in Table 1 .
Main-chain torsion angles (+,I) values) for all non-glycine residues included in the model fall within energetically favored or allowed regions. Density was strong for most regions of the map so that the model was fit with confidence and amino acid differences between MS2 and GA were distinguished clearly. Even after density modification and noncrystallographic symmetry averaging, the electron density for both FG loops in the dimer was weak and broken. Therefore, residues 69-75 were deleted from each subunit in the model. The conformation of the FG loop has been implicated in protein-protein interactions in virus assembly (Golmohammadi et ai., 1993 (Golmohammadi et ai., , 1996 .
Structure of the isolated dimer
The GA dimer consists of two monomeric subunits that are similar in overall folding pattern, yet are not related by strict crystallographic symmetry. After superimposing the two GA subunits, the RMS difference (RMSD) in the positions of 122 a-carbon atoms was 0.5 A. This is in contrast to the unassembled MS2 coat protein dimer (Ni et al., 1995) in which identical monomers are related by a crystallographic diad axis. Yet the overall structure of the monomeric subunits and the association patterns within the dimer (shown in Fig. 1 ) are similar to the MS2 subunits and dimer. Each monomer consists of a five-stranded antiparallel P-pleated sheet and a distorted a-helix that is separated from the @-sheet. Dimerization is stabilized by two types of interactions. First, there are hydrophobic interactions between the a-helices, which interdigitate on one side of the dimer. There is also an antiparallel arrangement of P-sheets with extensive hydrogen bonds formed between the main-chain atoms in adjacent subunits.
The folding pattern of the GA dimer is compared to the MS2 dimer in Figure 1 . To begin to compare the GA and MS2 protomers, a series of overlays were executed to make direct comparisons of atomic positions. To facilitate the comparisons throughout this study, the first residue in the GA sequence is numbered 2 (see the sequence alignment in Fig. 2 ). Both the GA and MS2 coat proteins contain 129 residues but strict structural homology makes the GA molecule one residue shorter at the amino-terminal end and one residue longer at the carboxyl-terminal end. When each of the GA subunits was superimposed on the MS2 monomer, the RMS distance between 108 pairs of a-carbons was 1.1 8, for one subunit and 1.2 8, for 11 1 pairs of a-carbons in the other. Corresponding a-carbons in the MS2 subunits in the unassembled form (Ni et al., 1995) and the capsid differ by an average of 0.9 8, and the RMSD between a-carbon positions of the three MS2 viral subunits is 0.7-0.9 8, (Golmohammadi et al., 1993) . The present report will emphasize the comparison of representatives of the Group I and I1
phages. However, it is interesting to make a corresponding comparison with the a-carbon backbone of the Group 111 QP coat protein . For this purpose, the coordinates for the QP protomer were kindly provided before publication by Dr. L. Liljas, Uppsala University. The RMSD for 100 superimposed a-carbon positions of GA and QP subunits is 2.1 A, which may reflect the greater evolutionary divergence of the Group I1 and 111 phages. The sequences of the GA and QP coat proteins are 56% homologous with only 21% identity. As can be seen in the stereo diagrams in Figure 1 , when dimers are superimposed, GA and MS2 are closely similar in the a-helical segments, whereas the positions of the P-sheets are more similar between GA and Qp dimers.
The coat protein of Group I phage fr differs in sequence from the MS2 molecule in 17 positions (see Fig. 2 ), and the superimposed a-carbon structures of the subunits differ by only 0.39 8, RMS distance . Greater structural dissimilarities exist between the GA and MS2 coat proteins, and these differences likely reflect important distinctions between the Group I and Group I1 phages. The amino acid sequence of the GA molecule is compared with several Group I and Group I1 coat proteins in Figure 2 . As shown in the alignment, the GA sequence varies from the MS2 sequence at 47 positions (wild-type GA differs in 49 positions). Thirty-one of these differences occur at sites on the surface of the dimer. The structural location of these residues will be described in the following sections as they relate to dimer interactions, viral assembly, and phage antigenicity.
The remainder of the sequence differences are 16 residues that are either found in the hydrophobic core of the individual subunits (Weber & Konigsberg. 1967) . These sequences were not included in the alignment because the sequence of the R 17 protein is identical to that of MS2 and the f2 sequence differs from the MS2 sequence only with the interchange of leucine for methionine at position 88. Residues located in the RNA-binding site are marked by asterisks. Selected interesting sites where the sequences differ between Group I and Group 11 proteins are also indicated: residues that may influence antigenic properties of the viruses are enclosed in boxes: residues that may affect RNA recognition are shaded. The threonine for alanine interchange at residue 1 0 0 that may have stabilized the dimer in this study is highlighted.
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or are buried at the dimer interface. Three interesting differences are observed at sites of contact between a-helices: Val 101. Leu 108. and Phe 112. The packing of the helices at these points is closely similar in GA and MS2. A fourth difference, Ala 46, is seen at the dimer interface between the helix and P-strand G in opposite subunits, but this difference does not affect subunit interactions. The corresponding amino acids in MS2 are Cys, Met, Leu, and Cys, respectively.
Serological and physicochemical distinction of the Group I and Group II phages
Residues at the viral surface that have been proposed in earlier studies to represent major antigenic determinants can now be evaluated in terms of structural relationships between the Group I and Group I1 coat proteins. Of the 47 differences in the GA and MS2 sequences, 1 1 residues are located in loops or positions exposed on the surface of the virus. based on structural homology with the MS2 (Golmohammadi et al., 1993) and fr , 1974) . This residue is located in the AB loop, which protrudes away from the surface of the dimer and out from the surface of the viral shell. The AB loops from the MS2 dimer and the GA dimer are compared in Figure 3 . Another antigenic site is located at residue 73. where the change from glycine to serine altered the serologic properties of
This residue is located in the FG loop, which participates in protein-protein contacts at the fivefold and quasi-sixfold axes of the icosahedral shell. This loop protrudes from the surface of the coat protein dimer, but does not extend from the surface of the phage capsid. It is. therefore, more surprising that mutations within this loop affect the immunological properties of the phage. Two related phages are interesting in that they seem to have properties that are intermediate between the MS2 and GA viruses, the classic prototypes for Groups I and 11: GAsusSH and JP34. The sequences of these two coat proteins are aligned with GA and MS2 sequences in Figure 2 . The location of the sequence differences that affect immunochemical or electrophoretic properties of these phage are presented in Table 2 .
Comparison of amino acid sequences of the Group I and Group I1 phage coat proteins
The sequence alignment in Figure 2 compares the amino acid sequences of coat proteins from several Group I and Group II phages. The major sequence differences are clustered in two regions: the P-strands that form the concave RNA-binding site and the kinked a-helical regions at the carboxyl-terminus of the molecule. Sequence differences in the helical segments of the two groups are extensive, with identity in only four residues in the helices. The helices are very similar in conformation. with residues 101-1 12 nearly superimposing, yet the GA subunit lacks the first turn of helix a A seen in the MS2 coat protein.
RNA-hinding site of the GA dimer
Although the MS2 and GA coat proteins are very similar in amino acid sequence. their RNA-binding properties are distinct. The RNA hairpins bound by these translational repressors are shown in Figure 4 . The hairpins each have a base paired stem with one unpaired purine and an unpaired loop consisting of four nucleotides. In particular, both proteins require an adenine at position -4 in the loop and a purine at position -7. Specific recognition is mediated by the nucleotide at position -5 in the loop, which is U in MS2 and A in GA (Gott et al.. 1991 Stockley et al.. 1995) . At this position. a pyrimidine is required for strong interaction with MS2 coat protein. In contrast, the identity of this nucleotide is relatively unimportant for the GA coat protein-RNA interaction. MS2 binds its own operator -100-fold more tightly than it binds GA RNA, but the GA protein is tolerant of the substitution at nucleotide -5 and binds both operators with approximately the same affinity . The RNA-binding sites of the GA and MS2 dimers are compared in Figure 5 . In each case, the site is located in a concave surface formed by a IO-stranded antiparallel P-sheet assembled from an antiparallel interaction of the @sheets from the two subunits in the dimer. Consequently, there is chemical and structural potential for two equivalent binding sites for RNA, yet only one asymmetric RNA is accommodated at any one time (Beckett & Uhlenbeck, 1988) . We identified 13 amino acids by molecular genetics where mutations reduced, abolished, or enhanced RNA binding (Peabody, 1993; . These residues are highlighted with asterisks in Figure 2 . In the crystal structure of the MS2-RNA operator complex (Valeghd et al., 1994) (Harigai et al., 1986) ; JP34 is a Group I1 phage with certain residues that are homologous to the Group I MS2 coat protein (Adhin et al., 1989) . The sequence and predicted secondary structure of the two hairpins are shown for comparison. The sequences of the RNA stem loop recognized by GA and MS2 are similar, with distinct differences in the unpaired loop. The critical difference at position -5 is an interchange of uridine to adenine that influences specific RNA recognition. The hairpins also differ in the base paired stem. Nucleotides -12 to + 1, which were clearly seen in the MS2 virus-RNA complex . are labelled. Residues that contact RNA in MS2 are indicated. The sequence of GA is the same as MS2 at all of these positions except for an interchange of serine for asparagine 87.
Asp. The contributions of these amino acids to the strength and specificity of RNA binding were evaluated by converting each of the relevant MS2 residues to the GA counterpart by site-directed mutagenesis . The interchange of Glu -+ Asp at position 89 had little or no effect on RNA binding. Another change, Asn 87 + Ser, conferred to MS2 coat protein a GA-like indifference to the identity of the nucleotide at position -5. In GA, the presence of serine at this position may be more permissive of the nucleotide at -5, because serine is a hydrophilic amino acid with a smaller R-group than asparagine. However, this serine is presumably compatible for hydrogen bonding to GA RNA, where the nucleotide at -5 is a purine, i.e., larger than the pyrimidine present in MS2.
Three other sequence differences between GA and MS2 in the RNA-binding site, Lys 43 + Arg, Asn 55 -+ Lys, and Arg 83 + Lys, are of interest. These residues nonspecifically strengthen the interaction with both the MS2 and GA operators, and compensate for the loss of the contact at residue 87 when serine is substituted for asparagine in the MS2 site . These are conservative differences and the configurations of the side chains at residues 55 and 83 in the model of GA are close to those seen in MS2. For residue 43, the position of the arginine in one subunit in the 10-stranded P-sheet that forms the concave RNA-binding site. The 13 amino acids that protrude into the binding site and have been implicated by molecular genetics as potential RNA contact residues in MS2 (Peabody, 1993) are colored in each of the dimers. Residues that differ between GA and MS2 are labeled (one monomer in each protein). Because there is a symmetry relationship between subunits in the dimeric proteins, there are actually 26 residues in the site that can contact the RNA. Eleven of these residues make contact with the RNA in the crystal structure of the MS2-operator complex . The comparison in this figure shows the distribution of the 26 residues with individual amino acids colored as follows: Arg, blue; Lys, dark blue; Asp, red; Glu, dark red; Gln, green; Asn, dark green; Ser, yellow; Thr, orange; Qr, purple; Val, grey. The rest of the amino acids are shown in white. This figure was generated with the program Raster-3D (Bacon & Anderson, 1988; Memtt & Murphy, 1994) .
GA nearly superimposes on the position of lysine in MS2, whereas in the other subunit, the orientation of the basic R-groups is strikingly different. Three of the five sequence differences in the GA and MS2 RNA-binding sites are located in p-strand G; i.e., at residues 83, 87, and 89. This strand is important for specific RNA recognition in these molecules. Chimeric GAIMS2 coat proteins that consist of the GA sequence from residues 1-82 and the MS2 sequence from residue 83 to the carboxyl-terminus retained the RNA-binding specificity of the MS2 molecule . In the chimeras, this MS2-derived P-strand and its equivalent on the other subunit integrated efficiently with the other GA P-strands to form the critical IO-stranded P-sheet that forms the RNA-binding site across the dimer interface. When the models for residues 83-91 in GA and MS2 were superimposed, the RMSD for main-chain atoms was 0.5 8,.
Subunit interactions and virus assembly
In our previously reported studies of the unassembled MS2 dimer (Ni et al., 1995) , we proposed that the mutation of tryptophan to arginine at residue 82 stabilized the dimer and also imposed a conformational restriction on the FG loop. These two observations were taken together to explain the assembly defect that facilitated crystallization of the MS2 coat protein as dimers rather than capsids. Why were we able to obtain crystals of the GA dimer rather than the capsid? It is possible that one of the differences from wild-type sequence reduced the stability of the capsids such that the formation of dimers was favored for crystallization. One of these differences from wild-type sequence is the interchange of threonine for alanine at residue 59. A mutation of Thr + Ser at this position does influence the thermal stability of MS2 capsids (Stonehouse & Stockley, 1993) . Another sequence difference that could affect capsid stability is the interchange of valine for glycine at residue 79 in the FG loop. In the MS2 capsid (Golmohammadi et al., 1993; Stonehouse et al., 1996) , this loop assumes two isomeric configurations. Mutations at sites in this loop, e.g., at residue 77, or deletion of residue 80, have been shown to produce assemblydefective molecules (Peabody & Ely, 1992; Stockley et al., 1993) .
One of the sequence differences that likely favors dimer stability is the interchange of threonine for alanine at residue 109. Residue 109 is located in helix &A. In GA, Thr 109 is located at the interface between monomers and pairs closely with the corresponding residue 109 from the other subunit. The hydroxyl groups of these threonines are in position to form an intersubunit hydrogen bond. (It is interesting to note that, in the MS2 dimer, the two glutamines at residue 109 do not interact). The formation of an intersubunit hydrogen bond between the paired Thr 109 residues at the interface between monomers may be an important new interaction to stabilize the dimer. This hydrogen-bonded contact is well away from the RNA-binding site. This stabilizing interaction, coupled with other sequence interchanges that could diminish the stability of capsids, may have resulted in the production of stable dimers, which was a critical achievement for this study.
Materials and methods
Cloning and expression of GA coat protein
Bacteriophage GA was kindly provided by Dr. A. Hirashima at Keio University in Tokyo, Japan. The virus was propagated and purified by established procedures (Inokuchi et al., 1986) . RNA was isolated from the phage particle by phenolkhloroform extraction. The GA coat protein sequence was cloned into pUC118 as described previously . GA protein was expressed under control of the lac promoter in E. coli strain CSH4IF Large-scale bacterial cultures were grown at 37 "C in 2XYT media.
Purification of GA coat protein
After culture, the bacterial cells were lysed by sonication (10-20-s bursts) on ice in 50 mM Tris, pH 8.5,500 mM NaCI, 1 mM EDTA, 10 mM dithiothreitol, and 0.5 mM PMSF, and cell debris was cleared by centrifugation. DNA was precipitated from the soluble lysate by the addition of polyethyleneimine (0.2%), and the pellet obtained by centrifugation at 1 1,000 rpm and 4 "C was discarded. The supernatant solution containing the GA protein was then purified by sequential ion-exchange chromatography. First, positively charged GA was fractionated from anionic contaminants on DEAE-Sepharose Fast-Flow resin (Pharmacia, Inc.) at 4°C in 20 mM Tris-HCI, pH 7.5. Bed volume for this column was appropriate for the particular volume of each lysate. The flow-through eluate from this column was dialyzed against 20 mM sodium phosphate, pH 5.8, and applied to an S-Sepharose Fast-Flow column (Pharmacia, Inc.). This column was run at 4 "C, pH 6.5, in 20 mM sodium phosphate with a linear NaCl gradient from 0 to 0.5 M. GA protein eluted at 0.23 M NaC1. Further purification to homogeneity was achieved by molecular sizing on a 1.5 X 95-cm Sephacryl S-100 (Pharmacia, Inc.) column. The gel filtration was performed in phosphate-buffered saline at pH 7.4 and 4 "C. GA coat protein eluted from this column at a position corresponding to dimers, as compared to the elution pattern for molecular weight markers (data not shown). Pooled fractions were dialyzed against 5 mM Tris-HCI, pH 7.2, 50 mM NaCl for crystallization trials.
Crystallization and data collection
GA coat protein crystallized readily and microcrystals were observed initially under a number of conditions. To produce large crystals, macroseeding methods were used (reviewed in Stura & Wilson, 1990) . First, GA dimers in 5 mM Tris-HC1, 50 mM NaCI, pH 7.2, were concentrated to 3 mg/mL and crystallized in hanging drops by vapor diffusion from solutions containing 0.1 M Trismaleate buffer and PEG 1000. Small crystals were enlarged by transferring the seed crystals to drops containing 0.1 M Trismaleate buffer and 10% PEG 1000 as a wash solution and then quickly transferring the seed crystals to pre-equilibrated drops with protein concentration at 1.2 mg/mL and 50 mM Tris-maleate, pH 5.4, 25 mM NaCI, and 13% PEG 1000. Large crystals suitable for diffraction were obtained at 13 "C in two weeks. Crystals formed in space group P2,2,2, with a = 59.3, b = 60.5, and c = 67.1 8,.
The dimer is the asymmetric unit in these crystals with V , = 2.27 and a solvent content of 46%. A complete intensity data set was collected at 16°C with a Rigaku rotating anode X-ray generator operating at 50 kV and 150 mA with two San Diego multiwire systems area detectors. Data reduction was done with the UCSD area detector programs (Howard et al., 1985) . Data collection statistics are presented in Table 3 . The reflection data were 94% complete to 2.8 8, resolution.
Molecular replacement and phase calculation
The molecular replacement method (Rossmann, 1972) was used to determine the structure of the GA dimer. There are two molecules of GA coat protein in the asymmetric unit. First, a self-rotation function was calculated to confirm a noncrystallographic twofold axis relating GA subunits. From this search, the rotation between monomers in the GA dimer was established and it was verified that the mode of dimeric association was very similar to that of the MS2 dimer. Therefore, the initial rotation and translation function searches were performed using the program X-PLOR (Briinger, 1992 ) with a probe model developed from the atomic coordinates of the MS2 dimer, which we determined recently (Ni et al., 1995) . The highest peak from the first rotation function search with 10-3-A data and integration radius of 35 A was 7 . 9~ above the mean and was shown eventually to be the correct solution. Prior to translation searches, the 71 highest peaks of the rotation function were used in Patterson correlation refinement, implemented in X-PLOR (Briinger, 1990) . Using 10-4-A data, a peak was identified that was the same as the first peak in the rotation function search, and was used for conventional translation function search. The translation calculation with the best rotation solution gave a peak 14a above the mean. The model was then divided into two subunits and positional parameters from this translation solution were subjected to rigid body refinement in X-PLOR. The R-factor at this point was 0.44. Next, side chains were substituted on the MS2 model to reflect the sequence differences between GA and MS2. Where a significant difference in side-chain composition existed between the GA and MS2 sequences, alanine was first substituted for the amino acid. Because a significant percentage of atoms in the probe model were replacement atoms, the model was subjected to simulated annealing procedures in X-PLOR (Briinger, 1988) to regularize the model and the R-factor dropped to 0.27. Following refinement in X-PLOR with 8-2.8 8, data, model adjustments were made interactively with the modeling program FRODO (Jones, 1978; Pflugrath et al., 1984) and 2F0 -F, and F, -F, electron density maps displayed on an Evans and Sutherland PS390 graphics workstation. OMITMAPS (Bhat & Cohen, 1984) were calculated to confirm the positions of side chains that differed in sequence between the two proteins and to place the side chains in the flexible FG loop. The electron density for this loop in each monomer was weak and broken. In an effort to improve the electron density in this portion of the map, density modification and noncrystallographic symmetry averaging were used in the package CCP4 (1979) .
After extensive model adjustments in these regions, refinement was continued in X-PLOR with B values fixed at 15 A2. Several more iterative rounds of model adjustments and X-PLOR refinement were performed until the R-factor had dropped to 0.20. Finally, restrained least-squares refinement was performed with PROLSQ (Hendrickson, 1985) in the package GPRLSA (Furey, 1990) . Refinement was continued to convergence for 244 amino acid residues and temperature factors. Atomic coordinates have been deposited in the Brookhaven Protein Data Bank (accession number 1 UNA).
